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Abstract 
This article aims at presenting and discussing the strategies used to identify the most representative modal parameters of a short 
span masonry railway bridge, estimated by performing vibration testing to validate and update the numerical models for the 
bridge structural analysis. The bridge behavior is simulated by a three-dimensional finite element model and the validation of the 
bridge updated material properties is also complemented on the basis of material testing results and observations taken from 
visual inspections. 
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1. Introduction 
The assessment of the structural behaviour of stone masonry arch bridges has been received increased attention in 
recent decades. Its importance is due not only to the large number of existing structures, but also to meet the growing 
need for expansion and increased capacity of the network infrastructure associated with new requirements of people 
and freight mobility. 
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In the present context of structural studies, in which the use of computational resources is generalized, the most 
frequently used methodologies for structural behaviour analysis of masonry arch bridges are based on numerical 
models using finite elements or discrete elements. These tools allow structural modelling able to reproduce, with 
considerable approximation, the structural behaviour of stone arch bridges. However, more than the adoption of 
powerful methodologies for numerical calculation, the main difficulties end up arising on the characterization and 
validation of modelling parameters [1]. Thus, the experimental evaluation of the structural global behaviour and of 
its materials’ characteristics is a valuable and essential contribution to the analysis success. 
The modal identification obtained by carrying out dynamic tests is, in this context, a key step for calibration and 
validation the adopted numerical models, to the extent that, using relatively simple test procedures and causing no 
interferences with the bridge operation and its behaviour, the experimental results allow providing information about 
the structure, particularly on its global characteristics of deformability. The analysis of dynamic testing results, 
regarding the estimation of natural frequencies and identification of bridge zones and directions with larger 
deformability, is accomplished relatively easily by using commercial computer software directed to signal 
processing and modal analysis. 
In this context, the present study is part of a research project focused on the numerical and experimental 
characterization of the structural behaviour of stone arch railway bridges existing in the Portuguese railway network. 
One of the case studies, the São Pedro da Torre (PK124) bridge is a short span one consisting of a single arch of 
granite stone masonry, hereafter simply designated by PK124 bridge. This type of structure was widely used when 
the Portuguese railway network was built and it is a representative example for the study of this type of bridges. 
The study of the PK124 bridge involves an extensive experimental campaign for material characterization, 
comprising dynamic tests to identify the mode shapes and natural frequencies, so that the experimental 
characterization allows calibrating and validating the numerical models and, subsequently, evaluating the effects of 
railway traffic in the bridge behaviour. 
2. The railway bridge 
The PK124 (São Pedro da Torre) bridge is a railway infrastructure located at km 124 + 926 of Minho line which 
dates back to the construction period of the line section between Caminha and Valença and opened in February 1879 
[2]. Its structural typology consists of a structural system based on stone granite masonry arch (Fig. 1) and is very 
common in the European railway network particularly in Portugal [3]. 
The bridge is about 11.2 m long, 5.9 m wide and 11 m high, having a straight longitudinal profile with 0.66 % 
slope. The structure consists of a single arch of about 8 m span with regular voussoirs 0.6 m thick. At the structure 
upstream and downstream, the bridge has granite masonry wing-walls about 12 m long, sustaining embankments 
with abundant vegetation. 
The bridge deck supports one single track in Iberian gauge, consisting of concrete sleepers and UIC60 type rails 
resting on a variable height ballast layer (0.5 m to 0.6 m, high) laterally contained by reinforced concrete walls. 
 
 
Fig. 1. PK124 bridge: (a) general view and (b) railway track. 
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The geometric characterization of the bridge was based on laser scanning survey (see Fig. 2) and Ground 
Penetrating Radar (GPR) tests, as well as visual inspections and details from the design drawings [2]. The 
mechanical material parameters were estimated based on the results of laboratory and in situ tests carried out within 
an experimental campaign for the characterization of bridge materials and components [4]. The laboratory tests were 
performed on masonry samples taken from the bridge, while the in situ experimental campaign involved tests with 
flat-jacks and Ménard pressuremeter. The collected data from these tests was used to define the properties of the 
bridge numerical model. 
 
 
Fig. 2. Bridge elevation view obtained from topographical survey. 
3. Numerical model 
The numerical modelling of the bridge was carried out using a three-dimensional finite element discretization 
developed in ANSYS software [5] as illustrated in Fig. 3. 
In this model the bridge structural elements are individualized, namely the arch, abutments, spandrel walls, 
backfill, foundations, railway track, embankments and wing walls, the two latter in a simplified way. 
The masonry structural elements were modelled using a homogeneous composite material with equivalent 
mechanical properties so as to reproduce the properties of the assembly formed by stone blocks and mortar. 
The initial boundary conditions were set using rigid supports to fix the displacement x, y and z of the mesh nodes 
located at the base of the foundations. Also fixed are the displacements in the x direction at the boundary cross 
sections of the embankment and foundation elements, as well as the displacements in the y direction at the 
longitudinal sides of the wall wings and embankment slopes. 
 
 
Fig. 3. Three-dimensional finite element model of PK124 bridge. 
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The unit weights of the masonry zones of the arch, abutments, foundations, spandrel walls and wing walls, as well 
as the backfill material placed at the lower zones of the backfill (inside the abutments and behind the wing walls) are 
considered equal to 24.5 kN/m³; in the upper zones of the backfill material (over the arch) and embankments it was 
taken as 21.5 kN/m³. The elastic modulus assigned to the arch, foundations and spandrel walls was assumed 2.0 
GPa, while for the abutments it was taken as 1.5 GPa. The upper and lower zones of the backfill are represented by 
materials with 0.3 GPa and 0.8 GPa elastic moduli values, respectively. Regarding the elastic modulus of the railway 
track elements, a value of 145 MPa was assigned to ballast, 36 GPa to sleepers and 210 GPa to the rails. The unit 
weights of ballast and sleepers are considered equal to 20 kN/m³ and 28.4 kN/m³, respectively.  
The results of the modal analysis of the bridge numerical model, in particular the mode shapes and corresponding 
values of natural frequencies for the first six vibration modes are shown in Fig. 4. 
 
 
Fig. 4. Numerical modal parameters. 
4. Experimental identification of the modal parameters 
4.1. Dynamic test 
The dynamic test aimed at identifying the modal properties of the bridge, particularly, natural frequencies, 
vibration modes and damping coefficients. 
This test involved forced excitation of the structure and its response measurement in terms of accelerations in a 
set of pre-selected locations. The structure excitation was carried out by means of a mechanical device, provided 
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with a mass of approximately 130 kg and released suddenly at 1.50 m high. For reasons of space convenience and so 
as not to affect the safety of the railway traffic, the equipment was located in the vicinity of the railway track at a 
distance of 50 m from the bridge. The use of a forced excitation was essential due to the reduced acceleration levels 
in the bridge under ambient vibration conditions. 
The response measurement involved 20 piezoelectric accelerometers, model 393A03 from PCB. The response 
was evaluated in terms of the accelerations in the longitudinal (x) transverse (y) and vertical (z) directions in two 
measurement configurations totalizing 15 measurement points: 13 located on both sides of the deck in the zone of 
the concrete ballast retaining walls and 2 located in the wing walls, as detailed in the test setup shown in Fig. 5. 
Data acquisition was carried out through a cDAQ-9172-NI system using NI 9233 modules for IEPE 
accelerometers. The time series were collected over a period of 10 minutes with a sampling frequency of 2049 Hz. 
 
 
Fig. 5. Setup of the bridge dynamic test with the location of the accelerometers and exciter: a) elevation, and b) plan views. 
The connection of accelerometers to the deck was made using steel angles glued onto the surface of the ballast 
retaining walls, as shown in Fig. 6a which also illustrates the accelerometers placed at the measuring points 3 and 9. 
Fig. 6b shows the excitation equipment placed near the railway track. 
 
 
Fig. 6. Dynamic test: a) overview and details of the accelerometers in positions 3 and 9, b) excitation system. 
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4.2. Results 
The identification of bridge modal parameters was performed by applying an input-output technique involving the 
measurement of the force applied in the structure vicinity and the bridge response [6]. For that purpose, 15 frequency 
response functions (FRFs) were calculated based on the forces’ values recorded by the load cell of the excitation 
system and on the bridge acceleration responses in all instrumented points. 
Fig. 7 shows the frequency response functions calculated for the measurement point 12 in the vertical direction, 
and point 4 in the transverse direction, where the peaks corresponding to four natural frequencies of the bridge are 
marked by a circle in red. 
 
 
Fig. 7. Frequency response functions: a) point 12 in the vertical direction and b) point 4 in the transverse direction. 
Table 1 shows the mean values and the standard deviation of the frequencies and damping coefficients for the 
four vibration modes identified above, which were obtained based on the analysis of the 15 FRFs and by applying 
the methodology described in Caetano [6]. It is also indicated the type of the identified vibration mode, namely, 
torsional and vertical or transverse bending. 
 Table 1: Dynamic characteristics identified experimentally. 
Number Type of vibration mode Frequency (Hz) Damping coefficient (%) 
Mean value Standard 
deviation 
Mean value Standard 
deviation 
1 1º transverse bending 12.75 0.37 4.47 1.33 
2 1º vertical bending 19.75 0.40 3.35 0.83 
3 2º vertical bending 24.33 0.57 2.61 0.78 
4 local transverse bending 32.12 0.69 2.73 0.37 
 
The configurations of the four identified vibration modes are illustrated in Fig. 8 based on a 3D perspective and 
an elevation view. The first mode involves transverse bending movements of the bridge which, by structural 
compatibility, is associated with a torsional movement. Modes 2 and 3 involve vertical bending movements of the 
bridge. Mode 4 is associated with local movements of the spandrel walls in the transverse direction. The 
measurement points located in the transition zones (points 1, 8 and 9) and in the wing walls (points 14 and 15) were 
removed in the vibration modes’ representation. 
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Fig. 8. Experimental modal configurations. 
A close observation of the representation of vibration modes 1, 2 and 3 allows the detection of non-symmetry of 
their deformed configurations, predictably, because of a non-uniformity of the characteristics of bridge materials. 
5. Correlation of numerical and experimental modal parameters 
Table 2 includes the percentage errors of the numerical and experimental vibration frequencies. From the six 
numerical vibration modes shown in Section 3, only four have been identified experimentally. The results show a 
good correlation between the frequencies obtained numerically and experimentally, with differences generally below 
11%. 
The evaluation of the correlation between the numerical and experimental vibration modes and its correct pairing 
has been performed using the MAC coefficient [7]. The MAC correlation matrix between the experimental and 
numerical modes is shown in Fig. 9. The maximum values of MAC coefficients associated with each experimental 
mode are also included in Table 2. The results reveals that the MAC coefficient are greater than 0.59 and the average 
MAC value is equal to 0.70. 
     Table 2: Correlation analysis between numerical and experimental modal parameters. 
Mode Type of vibration mode Frequency (Hz) Error (%) MAC 
Experimental Numerical 
1 1º transverse bending 12.75 14.15 11.0 0.87 
2 1º vertical bending 19.75 18.51 -6.3 0.68 
3 2º vertical bending 24.33 25.02 2.8 0.59 
4 local transverse bending 32.12 30.27 -5.8 0.65 
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Fig. 9. MAC correlation matrix. 
6. Conclusions  
This paper focused the main aspects on the development of a numerical model of a stone arch railway bridge and 
the experimental characterization of its modal properties based on a dynamic test. 
The identification of the modal parameters of the bridge, particularly the vibration modes and natural frequencies 
was carried out by applying an input-output technique. The experimental results show good agreement with the 
results obtained numerically with a three-dimensional finite element model of the bridge. 
The completion of additional experimental campaigns aiming at characterizing bridge materials, supplementary 
to those described in Arêde et al. [4], is expected to allow a more accurate estimation of the bridge numerical 
parameters, and foreseeably an improvement in the correlation of experimental and numerical modal parameters. 
As future tasks, it should be pointed the automatic calibration of the bridge numerical model by applying an 
iterative methodology based on a genetic algorithm [8], and also the validation of the numerical model based on the 
dynamic responses obtained from a dynamic test under the railway traffic. 
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